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ABSTRACT: Exposure to ﬁne particulate matter (PM2.5) from
indoor and outdoor sources is a leading environmental contributor
to global disease burden. In response, we established under the
auspices of the UNEP/SETAC Life Cycle Initiative a coupled
indoor-outdoor emission-to-exposure framework to provide a set of
consistent primary PM2.5 aggregated exposure factors. We followed a
matrix-based mass balance approach for quantifying exposure from
indoor and ground-level urban and rural outdoor sources using an
eﬀective indoor-outdoor population intake fraction and a system of
archetypes to represent diﬀerent levels of spatial detail. Emission-to-
exposure archetypes range from global indoor and outdoor averages,
via archetypal urban and indoor settings, to 3646 real-world cities in
16 parametrized subcontinental regions. Population intake fractions
from urban and rural outdoor sources are lowest in Northern regions and Oceania and highest in Southeast Asia with population-
weighted means across 3646 cities and 16 subcontinental regions of, respectively, 39 ppm (95% conﬁdence interval: 4.3−160
ppm) and 2 ppm (95% conﬁdence interval: 0.2−6.3 ppm). Intake fractions from residential and occupational indoor sources
range from 470 ppm to 62 000 ppm, mainly as a function of air exchange rate and occupancy. Indoor exposure typically
contributes 80−90% to overall exposure from outdoor sources. Our framework facilitates improvements in air pollution
reduction strategies and life cycle impact assessments.
■ INTRODUCTION
Over the last three decades, multiple epidemiological and
toxicological studies have attributed a range of adverse health
impacts including chronic and acute respiratory and cardiovas-
cular diseases and premature mortality to exposures to ﬁne
particulate matter (PM2.5, representing particles with aerody-
namic diameter of 2.5 μm or smaller) both outdoors and
indoors. In the Global Burden of Disease (GBD) study series,
exposure to PM2.5 is identiﬁed as a leading environmental risk
factor contributing to global human disease burden. PM2.5 in
outdoor air and household air is reported to contribute to
estimated 4.2 and 2.9 million premature deaths, respectively,
corresponding to 103 and 86 million disability-adjusted life
years (DALY), respectively, in 2015.1,2 Indoor and outdoor
emissions of primary PM2.5 from anthropogenic sources
contribute substantially to human exposures, which take place
both indoors and outdoors. Outdoor emissions in urban and
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rural areas are mainly associated with road traﬃc including fuel
combustion-related vehicle exhaust and road dust, coal- and
gas-ﬁred power plants, and other industrial sources.3,4 Indoor
emissions in residential, commercial, and occupational settings
are mainly from combustion processes (e.g., cooking, smoking,
candles). Approximately 2.8 billion people, primarily in Africa
and Southeast Asia, are exposed to indoor emissions from the
use of solid fuels including coal, charcoal, wood, dung, and crop
residues, with substantial impacts on both indoor and outdoor
air quality.5−8
To inform decisions for comparing and reducing PM2.5
exposure from anthropogenic sources, a quantitative framework
is required to link indoor and outdoor environments. Multiple
studies have monitored PM2.5 concentrations outdoors
9,10 and
indoors,11,12 and estimated related inhalation exposure out-
doors13,14 and indoors.15,16 Intake fractions (population
inhalation intake per emission unit) have been determined as
related exposure metric either for indoor or for outdoor urban
or rural environments.14,17,18 However, a consistently coupled
indoor-outdoor exposure assessment framework is currently
missing that allows for comparing PM2.5-related intake fractions
from a range of human activities that lead to outdoor and
indoor sources resulting in human exposures to PM2.5 both
indoors and outdoors. According to earlier recommendations,19
such a framework needs to (a) integrate indoor and outdoor air
on a consistent mass-balance basis, thereby accounting for
multiple emission sources along product system life cycles, (b)
distinguish among relevant emission and exposure scenarios in
diﬀerent indoor, urban and rural outdoor environments, (c)
conceptually integrate indoor and outdoor exposure as starting
point for linking exposure levels to exposure-response
considering that humans spend most of their time indoors,18
(d) build on an archetypal structure to capture variability in
PM2.5 air concentrations and population density among
diﬀerent indoor and urban- and rural-outdoor environments,
and (e) incorporate uncertainty into results at diﬀerent levels of
detail. Hodas et al.18 and Milner et al.20 further underline the
need to include indoor PM2.5 in exposure estimates and to
consider distinct archetypes to capture important diﬀerences
among indoor environments and building types. For outdoor
scenarios, spatial approaches are unable to capture higher
exposure in urban areas, unless they build on grid-resolutions
that allow distinguishing between urban and rural environments
in all regions, that is, using resolutions on the order of at least
0.1°.21,22 For example, although intake fractions based on
global, spatially gridded 1 × 1 PM2.5 outdoor air concentrations
are estimated to only vary between 1.6 and 9.6 ppm,23
intraurban intake fractions estimated globally for all cities with
more than 100 000 inhabitants reach 260 ppm with a
population-weighted average of 39 ppm.14 Archetypes are
best capable of capturing relevant diﬀerences between urban
and rural areas, where city-speciﬁc intake fractions (e.g., Apte et
al.14) need to be integrated into a background continental
environment and account for the fact that the population
spends most of its time indoors.18 Understanding the
interaction between indoor and outdoor environments is also
important (for example, when exposure-response functions
obtained in a region with low indoor air exchange rates are
applied to regions with substantially higher air exchange rates).
Therefore, a modeling framework is needed that accounts for
various indoor and outdoor settings, interactions between
urban and rural areas, and operates at multiple scales of
integration, while capturing high variability.24
In response to these needs, the United Nations Environment
Program/Society of Environmental Toxicology and Chemistry
(UNEP/SETAC) Life Cycle Initiative established a task force
to provide guidance for quantifying health eﬀects from PM2.5
exposure associated with indoor and outdoor sources for use in
life-cycle-based impact assessments. The aim is to compare
human activities and product systems with respect to their
contribution to PM2.5 emission related disease burden.
19,25,26 As
a ﬁrst step toward such a PM2.5 impact assessment framework,
we aim in the present paper at characterizing for primary PM2.5
the intake fraction, which is the long-term population intake
mass per unit mass emitted into diﬀerent indoor and outdoor
environments. Building on the rich literature on PM2.5 exposure
research, we organize the present work as follows: First, we
structure the PM2.5 emission-to-intake pathway into a system of
archetypes representing a tiered approach following diﬀerent
levels of detail for indoor and urban- and rural-outdoor
environments. Levels of detail range from generic (global
average) level to city-speciﬁc level, representing 3646 real-world
cities and a set of residential and occupational indoor
environments. Second, we describe our system as a fully mass
balance based framework for relating indoor and outdoor
emissions to aggregate PM2.5 exposure. Third, we analyze the
variations of intake fraction among diﬀerent emission locations
in our framework as a function of advection rates and
population densities, based on diﬀerentiating for each source
scenario the contribution of each environment to overall
population exposure. Finally, we discuss how the proposed
framework is aligned with state-of-the-art indoor- and outdoor-
exposure models, and how it can be consistently coupled with
exposure-response information.
■ MATERIALS AND METHODS
Coupled Indoor and Outdoor Source-to-Exposure
Framework. Environmental fate and transport processes of
PM2.5, linking emissions in diﬀerent indoor or outdoor
environments to human inhalation exposure indoors and
outdoors, are represented by a mass balance system of
homogeneous air compartments (Figure 1) described by a set
of ﬁrst-order diﬀerential equations. In order to address PM2.5
emissions, and complex issues, such as spatially heterogeneous
Figure 1. System of distinct archetypes for a set of coupled indoor and
outdoor air compartments used for assessing PM2.5 emission-to-
exposure pathways in urban and rural environments.
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Table 1. Equations to Calculate Fate-Related Rate Coeﬃcients, Human Exposure Factors, And Underlying Parameters Used in
the PM2.5 Matrix Framework
a
variable or parameter equationc
Coefficients for Outdoor Air Compartment in Urban Areas
bulk removal (loss) rate coefficient from outdoor air in urban areas = + + + +← ←k k k k k XFo,u,loss i,u o,u o,r o,u o,u,dep o,u,att o,u
transfer rate coefficient from outdoor urban air to indoor air in urban areas =
× ×
←
←k
k P V
Vi,u o,u
o,u i,u u i,u
o,u
transfer rate coefficient from outdoor urban air to outdoor rural air = ×
×←k h A
f
DR
o,r o,u
o,u
o,u o,u
u,corr
removal rate coefficient from outdoor urban air via bulk deposition =k
v
ho,u,dep
o,u,dep
o,u
removal rate coefficient from outdoor urban air via indoor attenuation =
× − ×
k
ACH P V
V
(1 )
o,u,att
u u i,u
o,u
removal rate coefficient (exposure factor) from outdoor urban air via inhalation =
× − ×f
V
XF
BR (1 ) POPt
o,u
o ,i u
o,u
Coefficients for Outdoor Air Compartment in Rural Areas
bulk removal (loss) rate coefficient from outdoor rural air = + + + + +← ←k k k k k k XFo,r,loss i,r o,r o,u o,r o,r,glob o,r,dep o,r,att o,r
transfer rate coefficient from outdoor rural air to indoor air in rural areas =
× ×
←
←k
k P V
Vi,r o,r
o,r i,r r i,r
o,r
transfer rate coefficient from outdoor rural air to outdoor urban air =
×
←
←k
k V
Vo,u o,r
o,r o,u o,u
o,r
advective loss rate coefficient from outdoor rural air to global air =k
u
Ao,r,glob
o,r
o,r
removal rate coefficient from outdoor rural air via bulk deposition =k
v
ho,r,dep
o,r,dep
o,r
removal rate coefficient from outdoor rural air via indoor attenuation =
× − ×
k
P V
V
ACH (1 )
o,r,att
r r i,r
o,r
removal rate coefficient (exposure factor) from outdoor rural air via inhalation =
× − ×f
V
XF
BR (1 ) POPt
o,r
o ,i r
o,r
Coefficients for Indoor Air Compartments in Urban and Rural Areasb
bulk removal (loss) rate coefficient from indoor air = + + +←k k k k XFi,loss o i i,dep i,circ i
transfer rate coefficient from indoor air to outdoor air =←k ACHo i
removal rate coefficient from indoor air via bulk deposition = ×k v S V( / )i,dep i,dep i
removal rate coefficient from indoor air via filtration of recirculated air ε= ×k ki,circ recirc filter
removal rate coefficient (exposure factor) from indoor air via inhalation =
× ×f
V
XF
BR POPt
i
i ,i
i
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concentrations in urban environments and diﬀerent applica-
tions of exposure-response functions in indoor, urban, and rural
environments based on earlier recommendations,19 we made
several modiﬁcations to existing fate modeling approaches.
Most importantly, we couple indoor and outdoor environ-
ments, incorporate inhalation as a removal process in the fate
model (in addition to using inhalation in the exposure model),
and capture exposure-related variability among diﬀerent indoor,
and urban- and rural-outdoor environments. We address
variability using a set of interconnected archetypal environ-
ments ranging outdoors from global averages of urban
conditions to 3646 speciﬁc cities and diﬀerent indoor settings.
We ﬁnally provide the basis for consistently linking both indoor
and outdoor exposure to exposure-response.
The overall source-to-exposure modeling framework builds
on four main compartments, namely outdoor and indoor
environments in urban and rural areas, where both indoor and
outdoor urban environments are nested within rural areas.
Figure 1 provides a general illustration of the PM2.5 transport
and loss processes considered in and between all compart-
ments. For consistency and completeness we build for each
compartment a mass balance equation that addresses emissions;
deposition to soil, water, and vegetation surfaces outdoors;
advection losses outdoors (including losses beyond the
continental rural boundaries to the global atmosphere);
transfers between outdoor air and indoor air; deposition to
surfaces indoors; removal from indoor environments by
cleaning and ﬁltration; and removal by inhalation indoors and
outdoors.
Overall Emission-to-Impact Matrix System. Exposure-
pathway-speciﬁc PM2.5 intake fractions relate the population
inhaled mass of PM2.5 to the mass emitted and provide the
exposure information for the impact assessment framework.
Intake fractions are calculated from combining PM2.5 removal
via inhalation (exposure factors) with PM2.5 transfer and
removal from air (fate factors):
= = − −iF XF FF XF K( )1 (1)
where matrix ∈ ×XF p n contains exposure factors expressed
as PM2.5 removal rate coeﬃcients (further detailed in Table 1)
via inhalation with exposure pathways in rows and receptor
compartments in columns, and matrix ∈ ×FF n n contains fate
factors representing PM2.5 mass received in receptor compart-
ments (rows) per unit emissions into source compartments
(columns). FF main diagonal elements represent PM2.5
residence times, accounting for all multiple intercompartment
transfers between the diﬀerent indoor and outdoor environ-
ments.18 This allows for assessing not only exposure in the
indoor or urban-outdoor emission compartments, but also
subsequent exposure after transfer to the continental rural
Table 1. continued
variable or parameter equationc
Parameter Used to Calculate Fate-Related Rate Coefficients and Human Exposure Factors
area of urban areas within any region x =A (POP /LPD)o,u u 2
volume of indoor air in urban areas = ×V V POPi,u i,u,pers u
volume of indoor air in rural areas = ×V V POPi,r i,r,pers r
volume of outdoor air in urban areas = ×V A ho,u o,u o,u
volume of outdoor air in rural areas = ×V A ho,r o,r o,r
correction factor accounting for city-specific dynamics in area and dilution rate = × × −f A4.95 DRu,corr o,u
0.0508
o,u
0.124
penetration factor from outdoor urban air to indoor air in urban areas = ×
+ +
P F
k XF ACH
ACHu u,inf
i,u,dep i,u u
u
penetration factor from outdoor rural air to indoor air in rural areas = ×
+ +
P F
k XF ACH
ACHr r,inf
i,r,dep i,r r
r
aDefault and constant inputs are provided in the Supporting Information. bIndoor environment equations apply to both urban and rural
environments, where relevant parameters, such as population, are environment-speciﬁc. cA: air cross section area (m2) (see eq 2 for archetypal city
areas); ACH: air exchange rate (d−1); BR: breathing rate (m3/d); DR: normalized atmospheric dilution rate (m2/d); f t,i: fraction of time per day
spent indoors (−); f u,corr: correction factor accounting for city-speciﬁc dynamics in area and dilution rate (−); Finf: inﬁltration factor representing an
indoor/outdoor air concentration ratio in the absence of indoor sources that is obtained from dividing elements of the fate factors matrix and
volumes of the respective indoor and outdoor compartments (−); h: atmospheric mixing height (m); k: ﬁrst order rate coeﬃcient for individual
transfer or bulk removal processes (d−1); LPD: linear population density (capita/m) based on Figure 2; P: penetration factor from outdoor to indoor
air (−); POP: human population count (capita); S/Vi: total material surface area to air volume ratio indoors (m2/m3); u: mean wind speed at
ground-level (m/d); V: air volume (m3); νdep: bulk deposition velocity combining deposition to vertical and upward-facing and downward-facing
surfaces (m/d); XF: human inhalation exposure factor (d−1). Indices: i, o, r, u denote indoor, outdoor, rural, and urban, respectively; att, circ, dep,
ﬁlter, inf, glob, loss, pers, recirc refer to indoor attenuation, air circulation, bulk deposition, air ﬁlter, inﬁltration, global air, bulk removal or loss, per
individual person, and air recirculation, respectively; and arrows between indices indicate intercompartment transfer processes.
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environment, which may be especially relevant for small cities.
Fate factors for PM2.5 in eq 1 under steady-state conditions are
obtained from inverting the matrix of rate coeﬃcients
∈ ×K n n describing transfers between adjacent compartments
and removal (i.e., deposition and inhalation) within compart-
ments. In our framework, matrix K consists of elements (rate
coeﬃcients, k) representing for outdoor emissions environ-
mental processes within and between four compartments,
namely default indoor air in urban (denoted ‘i,u’) and rural
(‘i,r’) areas and scenario-speciﬁc outdoor air in urban (‘o,u’)
and rural (‘o,r’) areas, and for indoor emissions environmental
processes in a scenario-speciﬁc residential or occupational
indoor environment. Compartments are further detailed in the
following sections. Each main diagonal element of K represents
the bulk removal or loss via all considered processes (denoted
“loss” and per convention negative to indicate losses) in the
respective compartment and all other nonzero nondiagonal
elements represent individual intercompartmental transfers.
Determination of Rate Constants. We focused on
adapting and consistently integrating our model elements
from existing PM2.5 transport and exposure studies. For
addressing transport and fate in outdoor air, we build on an
earlier consensus eﬀort17 and work by Apte et al.,14 using
respectively a set of parametrized generic (urban and rural) and
city-speciﬁc archetypes at the global scale. Both studies
developed the foundations for our exposure assessment for
PM2.5 in outdoor air compartments. While Apte et al. provide a
set of theoretical outdoor intake fractions for ground-level
emissions in the 3646 cities globally with more than 100 000
inhabitants, we linked urban areas to the rural background
using 16 subcontinental regions parametrized by Kounina et
al.27 This ensures full integration of the outdoor environment,
while capturing important diﬀerences in PM2.5 air concen-
trations and related intake fractions across urban areas and
between urban and rural areas. City-speciﬁc dynamics related to
area and dilution rate were considered by adjusting the transfer
from outdoor urban to rural air in a correction factor as a
function of area and dilution rate across cities (see Table 1).
This correction factor improves the correlation between intake
fraction and the rate coeﬃcient linking the urban area to its
background rural environment compared to a direct transfer
based only on dilution rate and size of the urban area.14 Since
our initial correlation makes the fate factor dependent on
population density, we recalculated a new correlation of
comparable accuracy (R2 = 0.96, instead of R2 = 0.99) that
uses only the city-speciﬁc area and dilution rate as independent
variables without involving the linear population density. How
we obtained the correction factor is further detailed in the
Supporting Information (SI), Section S-2. Diﬀerences in
atmospheric mixing height are linked to lower dilution rates
in urban areas at night and the short residence time of the air in
urban areas of only a few hours compared to a longer residence
time of air in rural areas of several days, which allows for mixing
between day and night over the full mixing height.
For fate factors for indoor emission scenarios, we calculate
indoor-to-outdoor transfer fractions to the default outdoor
environment, obtaining the removal rates of PM2.5 in diﬀerent
residential and occupational indoor archetypes as a function of
ventilation, occupancy, and recirculation/ﬁlter eﬃciency. As a
starting point for our indoor transport and fate model, we build
on key studies by Thatcher and Layton,28 Riley et al.,29 and
Bennett and Furtaw.30 For the subsequent exposure assessment
indoors and, in particular for exposure from indoor emissions,
we build on work by Klepeis et al.31 and Weschler and
Nazaroﬀ.32 In our multimedia framework, we also account for
transfer and related exposure to sources emitted elsewhere,
primarily building on work by Diapouli et al.,33 Riley et al.,29
Thatcher and Layton,28 Han̈ninen et al.,34 and Meng et al.,35
assessing PM2.5 exposure indoors attributable to outdoor
sources and PM2.5 exposure outdoors attributable to indoor
sources. All rate coeﬃcients are further detailed in Table 1,
while default model settings are detailed in the SI (Tables S1−
S2).
We determine exposure factors from indoor and outdoor
breathing rates, the fraction of time spent indoors and
outdoors, and air volume and population in each compartment,
characterizing the fraction of air volume inhaled per day by the
compartment-speciﬁc population. To arrive at aggregated
exposure, intake fractions are calculated separately for each of
the interlinked compartments accounting for exposure in all
four environments (see Figure 1). For indoor exposure from
emissions outdoors in a given region, we parametrize the
indoor environment according to the average or most
prominent air exchange rate and occupancy in the considered
region. For studying emissions in a speciﬁc indoor environment
when air exchange rates and building occupancies diﬀer from
the typical values in the considered region, we created a
decoupled indoor model for ﬁrst calculating the intake fraction
attributable to indoor emissions. We then add to this indoor
intake fraction the fraction of the indoor emission transferred to
the outdoor environment multiplied by the average outdoor
intake fraction for the considered region to yield the overall
eﬀective intake fractions from indoor sources. The resulting
mass-balanced fate and exposure model provides a mathemat-
ical framework that builds on state-of-the-art approaches for
indoor and outdoor exposure assessment. Accounting for
variability within our considered compartments, we introduce
criteria described in the following paragraphs for deﬁning
consistent sets of archetypal environments for each compart-
ment at generic, regional/intermediary and city-speciﬁc levels.
Deﬁning Archetypal Exposure Environments at
Diﬀerent Levels of Detail. We propose a system of
archetypes at diﬀerent levels of detail that provide a higher
level of resolution than can be achieved with currently available
spatial models. Diﬀerent levels of detail help to provide
exposure estimates that are consistent with available data
resolution in diﬀerent decision contexts. As an example,
archetypes at a generic (world average) level are required
when emission source location or other scenario details like
population density are unknown,17 while archetypes at the city
level are useful when details about city-speciﬁc urban emissions
and population density are available.14 Criteria for identifying a
suitable set of archetypes for each compartment and level of
detail help to diﬀerentiate and explain variability in emission
situations, environmental conditions and human exposure.
In outdoor environments, there is a strong correlation
between emission source strength and population density,
where it has been shown that intake fractions for PM2.5
emissions from roadways and low stacks can be signiﬁcantly
underestimated by models without very high resolution (at km
scale or ﬁner) emissions-to-population mapping.14,36 However,
source-speciﬁc data on emissions are often unavailable at spatial
scales required to account for population heterogeneity across
large regions. Archetypes therefore need to capture the essential
variability and heterogeneity for providing reliable outdoor
intake fraction estimates.
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For a given region, the population and area of a
representative city must be deﬁned to match the urban
population-weighted average intake fraction of this region,
using a population-weighted harmonic mean of the urban
atmospheric dilution rate across cities with available data. The
relation between population and area must be consistent and
reﬂect the typical population density in cities of a region. This is
ensured by studying the region-speciﬁc linear population
density, LPD (capita/m), which links city area to population
in order to determine intake fraction.37 To deﬁne region-
speciﬁc city archetypes, we ﬁrst establish how LPD varies across
cities i as a function of urban population, POP (capita), within
each region x, with i ∈ x, by ﬁtting a general model log(LPDi)
= αx + β × log(POPi) based on 3646 cities from Apte et al.
14
(see SI, Table S3). Once, this relation is established, we can
derive the city area, A (m2), that corresponds to a given POP as
follows (see SI, Section S-3):
= = ×α β− −A (POP/LPD) (10 POP )u2 1 2x (2)
We distinguish outdoor archetypes at three levels of detail:
First, a generic level 1 is deﬁned for situations where emission
location or conditions are unknown, reﬂecting a population-
weighted average intake fraction of 39 ppm across 3646 cities.14
At ﬁner levels of detail, additional aspects to discriminate intake
fractions from outdoor sources are needed, such as diﬀerent air
exchange rates and occupancy levels for indoor environments,
city size, spatially diﬀerentiated meteorological conditions
(dilution rates deﬁned from mixing height and wind speed),
and population distribution in relation to emission source
distribution for outdoor environments. At intermediate detail
level 2, we deﬁne average cities to represent urban areas at the
level of continental and subcontinental regions ensuring
consistency between population, area, and exposure by
calculating level 2 outdoor intake fractions as population-
weighted averages to provide a surrogate for emission-weighted
averages in line with Humbert et al.17 and Lobscheid et al.36
Finally, if emission scenario information is available for speciﬁc
cities, we deﬁne respective archetypes at level 3 to reﬂect PM2.5
fate and exposure conditions as precisely as possible, building
on available intraurban outdoor intake fractions for 3646 global
cities parametrized for city-speciﬁc population, area, dilution
rate, and PM2.5 background concentration,
14 and combining
these with population, area, and wind speed, based on high-
resolution spatial data13 for rural environments.
For indoor environments, exposure is strongly dependent on
air exchange and available volume per person (occupancy).18
However, building-speciﬁc air exchange and occupancy are
usually not available at the level of detail required to account for
variabilities across residential and occupational building types in
diﬀerent regions.38 Archetypes therefore have to be deﬁned to
capture heterogeneity in indoor environments for providing
reliable indoor intake fraction estimates. In line with our
outdoor archetypes, we distinguish indoor archetypes at three
levels of detail: First, a generic level 1 is deﬁned when emission
location and building characteristics are unknown, reﬂecting
average exposure conditions under residential indoor settings
(see SI, Tables S1, S2). At the intermediate detail level 2, intake
fractions are discriminated according to diﬀerent air exchange
rates, occupancies, recirculation rates, and ﬁlter eﬃciencies for
residential indoor settings based on Hodas et al.,18 Rosenbaum
et al.,39 and ASHRAE 62.2,40 and according to diﬀerent
ventilation rates and occupant densities for occupational indoor
settings obtained from ASHRAE 62.1.41 Parameterized
continental or subcontinental regions are applied at level 2
for outdoor urban and rural environments. Finally, if emission
scenarios are available for individual building types, intake
fraction estimates at level 3 can be derived from speciﬁc air
exchange, occupancy, and recirculation/ﬁltration characteristics
along with deﬁning the building’s speciﬁc city or rural area.
■ RESULTS
Archetypes for Coupled Outdoor and Indoor Environ-
ments. Using archetypes at three levels of detail allows us to
develop spatially detailed assessments, while capturing a
representative portfolio of buildings, cities and regions. We
ﬁrst consider an outdoor archetype for ground-level emissions,
diﬀerentiated into urban and rural areas characterized by radial
population density. The population of the representative global
average city amounts to 2 million inhabitants with a
corresponding average linear population density of 141 capita
per m and a population-weighted harmonic mean of the urban
atmospheric dilution rate of 420 m2/s. This corresponds to
population-weighted close-to-average meteorological condi-
tions in urban areas and an average relationship between linear
population density and population count. Figure 2 shows that
city-speciﬁc linear population density is indeed linearly
correlated to city population, with a continent-speciﬁc intercept
reﬂecting the variation in urban population density that is
highest in Asia and lowest in Australia and North America. This
relationship combined with data for parametrized continental
or subcontinental regions based on Kounina et al.27 is therefore
applied at level 2, where the urban archetypes can, for example,
be deﬁned to represent small, medium, large, and mega cities as
shown in Figure 2 or to identify the population size of a
representative average city for each continental and subcon-
tinental region given in Table 2. When we use the
representative average urban area for a given region, the intake
fraction is directly obtained from the city population and
average dilution rate by the relationship (see SI, Section S-3):
Figure 2. Linear population density (LPD) and population (POP)
used for 3646 cities at level 3 grouped according to their
corresponding continental region, and location of level 1 representa-
tive global average urban archetype, and four example level 2 urban
archetypes obtained from ﬁtting log(LPD) = −1.494 + 0.578 ×
log(POP) with R2 = 0.62 for the global average intercept and R2 = 0.77
for continent-speciﬁc intercepts (provided in SI, Table S3), and
common slope.
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= × × ×α β− × × −iF 10 DR 10 POPo u, 1.84 0.876 1.1016 1.1016 0.1016x
(3)
When the size of a representative region-speciﬁc urban area
needs to be deﬁned, it can be obtained by back-calculating the
archetypal population in eq 3 from the weighted population-
average urban intake fraction (see SI, eq S12). This archetypal
population varies from 290 000 inhabitants in Northern
Australia and 420 000 inhabitants in the Northern regions of
Canada and Europe up to 3.4 million inhabitants in Central
America, Indonesia, Japan and South Korea. At level 3, actual
population characteristics based on data for 3646 cities ranging
from 100 000 to 40 million inhabitants are used for urban areas
combined with population and parametrized characteristics of 8
continental or 16 subcontinental regions for rural locations.27
The area, A (m2), for cities currently not included in our data
set can be obtained as A = (POP/LPD)2 based on known
population POP, and LPD estimated from population (see
Figure 2 and SI, Table S3). The atmospheric dilution rate that
can either be calculated from city-speciﬁc wind speed and
atmospheric mixing height or, if not available, the default of 420
m2/s can be applied as the harmonic average of city-speciﬁc
dynamics across 3646 cities. For each region/area, such as
Indochina (continental Southeast Asia) or Scandinavia, intake
fractions in rural areas are weighted by the contribution of each
region to total continental emissions.
For the default indoor environments that we deﬁned as
baseline for urban and rural areas, we use at level 1 the global
default archetype for residential settings. At regionally diﬀer-
entiated outdoor level 2, indoor archetypes are deﬁned
according to region-speciﬁc air exchange rates and occupancy
(room volume per person) without recirculation or ﬁlters. For
studying emissions into speciﬁc indoor environments at level 2,
we deﬁne archetypes based on low, medium and high air
exchange rates and occupancy. We assign these archetypes
either no recirculation and no ﬁlters or high recirculation rates
assuming daily air conditioning system runtime of 20%
(residential settings) and 100% (occupational settings) coupled
with high ﬁlter eﬃciencies based on an average over the range
of ASHRAE 52.2 MERV classes 9−12 for “Intended Dust Spot
Eﬃciency” for residential buildings with advanced air-ﬁltration
systems. At level 3, speciﬁc data for residential and occupational
indoor environments or building types can be applied based on
data provided by e.g. Hodas et al.18
The application of our archetypes to low-stack (∼25 m),
high-stack (∼100 m), and very high stack (∼250 m) as well as
to secondary PM2.5 formed from precursor emissions will be
addressed in a second stage of this research eﬀort. Outdoor and
indoor archetype characteristics and model coeﬃcients for level
2 are detailed in the SI (Tables S3−S5).
Eﬀective Intake Fractions and Contributing Source
Environments. Figure 3 summarizes the variability across
eﬀective population-weighted intake fractions representing
aggregated indoor-outdoor exposure for a speciﬁc indoor or
outdoor source environment.
Across 3646 urban areas with more than 100 000 inhabitants,
the mean eﬀective population-weighted intake fraction for
urban ground-level emissions is 39 ppm (95% conﬁdence
interval: 4.3−160 ppm, median x ̃ = 26 ppm). The full range of
eﬀective intake fractions across urban source environments
spans from 0.9 to 280 ppm with a squared geometric standard
deviation (GSD2) of 4.7, indicating that 95% of all intake
fractions fall within the range from x ̃/GSD2 to x ̃×GSD2.
Population-weighted eﬀective intake fractions across urban
areas per region, summarized in Table 2, vary from ∼10 ppm in
Northern regions and Oceania to 57 ppm in Southeast Asia,
with India as high-end subcontinental region at 70 ppm. This
distribution corresponds well with the distribution of eﬀective
intake fractions in rural ground-level source environments
showing a global mean population-weighted intake fraction of
2.2 ppm, ranging from 0.02 in Northern regions with tight
buildings (low air exchange) and low occupancy to 4.2 ppm in
Southeast Asia with typically high air exchange and high
occupancy (95% conﬁdence interval: 0.2−6.3 ppm, median x ̃ =
1.7 ppm, GSD2 = 6.9) (Table 2). Even for outdoor emissions,
between 83% and 90% of the intake takes place indoors (see
upper label in Figure 3) due to the high fraction of the day
spent indoors.
Across indoor source environment archetypes, the mean
eﬀective intake fraction is 0.013 (13 200 ppm) for residential
settings and 0.017 (17 200 ppm) for occupational settings,
when the distribution of residential and occupational spaces in
the diﬀerent regions has not been considered. Eﬀective intake
fractions across indoor source environments are detailed in
Table 3. For buildings without recirculation/ﬁltration, eﬀective
Table 2. Continental and Sub-Continental Summary
Population-Weighted Mean Eﬀective Intake Fractions
Including Combined Indoor and Outdoor Exposure from
Urban and Rural Outdoor Sources, Number of Cities,
Population Count Per Average City Based on Population-
Weighted Eﬀective Intake Fraction, And Population Count
in Urban Areas and Totals for Each Region
iF (ppm) n (million capita)
region
urban
areas
rural
areas
n
(cities)
average
city total
global average 38.6 2.2 3646 2.00 6731.67
Continental Regions
North America 17.0 0.47 271 2.36 334.81
Latin America 33.7 0.51 402 3.34 578.98
Europe 22.0 1.67 701 1.52 751.22
Africa & Middle East 40.0 1.10 466 1.44 1127.13
Central Asia 20.7 0.60 172 1.18 231.78
Southeast Asia 57.0 4.19 1592 2.04 3666.16
Northern regions 9.6 0.02 22 0.44 16.41
Oceania 10.1 0.04 20 0.78 25.17
Subcontinental Regions
Central Asia 20.7 0.59 172 1.13 231.78
Indochina 50.3 1.08 144 2.02 360.29
Northern Australia 3.3 0.01 2 0.29 3.06
Southern Australia &
New Zealand
10.8 0.13 18 0.77 22.11
Southern Africa 29.3 0.72 115 1.41 301.45
North, West, East &
Central Africa
40.5 1.22 351 1.36 825.68
Argentina+ 22.2 0.23 49 2.47 65.65
Brazil+ 26.5 0.41 163 2.94 236.69
Central America+ &
Caribbean
44.1 0.63 190 3.37 276.64
USA & Southern Canada 17.3 0.44 271 2.25 334.81
Northern Europe &
Northern Canada
9.6 0.01 22 0.42 16.41
Europe 22.0 1.65 701 1.45 751.22
East Indies & Paciﬁc 54.6 1.12 61 3.44 237.44
India+ 70.0 6.28 420 3.01 1553.18
Eastern China 40.4 3.73 808 1.26 1326.73
Japan & Korean peninsula 40.3 1.52 159 3.44 188.51
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intake fractions range over 3 orders of magnitude from 470
ppm in regions where buildings have high air exchange and low
occupancy to 62 200 ppm in regions where buildings have low
air exchange and high occupancy. Indoor exposure contributes
91−99% to eﬀective intake fractions across indoor source
environments and is highest for conditions with high
occupancy, low air exchange, and recirculation/ﬁltration of
indoor air. Generally, we observe that for an emission into
urban areas, rural background exposure becomes important for
small cities with low urban intake fractions especially in India
and eastern China with respective rural intake fractions of 6.3
and 3.7 ppm. In such situations, neglecting the rural
background leads to an underestimation of the eﬀective
exposure from emissions to urban areas by up to 81%.
Overall, our exposure estimates are in line with results from
previous work.14,17 However, the population-weighted ratio of
our eﬀective total intake fractions for outdoor urban sources
and outdoor urban intake fractions from Apte et al.14 is 0.9, and
ranges from 0.5 in Yakutsk (Russia) to 1.5 La Paz (Bolivia).
This means that intake fractions are eﬀectively slightly reduced
on average when accounting for indoor exposure attributable to
outdoor sources, especially where removal from outdoor air is
driven by air exchange. This is mainly the case in regions with
generally low air exchange rates and low rural background
exposure with an average ratio of eﬀective intake fractions
combining indoor and outdoor exposure to theoretical outdoor
intake fractions of only 0.55 across cities in Northern regions,
while no reduction in intake fractions is seen when air exchange
is high. Furthermore, eﬀective indoor-outdoor intake fractions
exceed outdoor intake fractions in urban source environments
where air exchange is high and additionally where background
exposure is high in related rural environments, which is
generally the case in Indochina, India, and Africa.
■ DISCUSSION
PM2.5 Framework Applicability and Limitations. In
summary, our source-to-exposure framework provides for the
ﬁrst time a modular, fully mass balanced and ﬂexible approach
to combine PM2.5 exposure indoors and outdoors from
emissions to residential or occupational indoor, and urban-
and rural-outdoor environments. This approach provides a
sound basis for integrating PM2.5 exposure assessment with
Figure 3. Population-weighted distribution of eﬀective intake fractions (kg PM2.5 inhaled per kg PM2.5 emitted) and contribution of indoor exposure
(percent of total intake fraction) for residential and occupational indoor emission scenarios and for ground-level urban (range over all cities per
region) and continental rural outdoor emission scenarios.
Table 3. Summary Total Intake Fractions (ppm) Including
Indoor and Outdoor Exposure for Residential and
Occupational Indoor Sources with Diﬀerent Air Exchange
Rates, Occupancies and Recirculation/Filtration Settings
residential settings
no recirculation/ﬁltration recirculation/ﬁltration
air
exchange
0.21 h−1
air
exchange
0.62 h−1
air
exchange
14 h−1
air
exchange
0.21 h−1
air
exchange
0.62 h−1
occupancy
100 m3/person
19 500 8890 470 6900 4900
occupancy
67 m3/person
28 900 13 200 730 10 300 7200
occupancy
30 m3/person
62 200 29 000 1600 22 600 16 000
occupational settings
no recirculation/ﬁltration recirculation/ﬁltration
air exchange
2.7 L/s/capita
occupancy 5
capita/100 m2
air exchange
8.5 L/s/capita
occupancy 5
capita/100 m2
air exchange
13 L/s/capita
occupancy 10
capita/100 m2
air exchange
2.7 L/s/capita
occupancy 5
capita/100 m2
air exchange
8.5 L/s/capita
occupancy 5
capita/100 m2
37 300 17 200 13 000 3250 2950
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multimedia models used to account for other substances
potentially contributing to human disease burden. The main
output of our framework is a set of eﬀective indoor-outdoor
population intake fractions reﬂecting three levels of detail based
on a set of archetypes for diﬀerent source environments. This
outcome allows us to highlight and evaluate diﬀerences
between indoor/outdoor and outdoor urban/rural emission
situations (see Table 4). We thereby bring together a range of
well-established underlying models into a coupled indoor-
outdoor context and build on well-accepted and robust data
sets for underlying input parameters. Results from applying our
framework highlight that indoor exposure is an important
contributor to overall exposure from PM2.5 emissions outdoors
and that our set of archetypes can much better represent the
variability between urban and rural outdoor exposure than
equally or even more data-intensive spatially detailed models
and moreover allows us to consider indoor environments.
Our framework is described both in mathematical terms (eq
1 and Table 1) and parameter values (given in SI) and captures
the published state-of-the-science in addressing major contrib-
utors to PM2.5 exposure indoors and outdoors. To be
parsimonious, we use generic, reported values for, e.g.,
deposition indoors, which can be further reﬁned (see e.g. Lai
and Nazaroﬀ,42 eq 24) when data become available. To
accommodate new archetypal features, the modular framework
structure facilitates a ﬂexible deﬁnition of additional archetypes
and mass-balance terms. This allows capturing exposure
variability among a wide range of urban and rural areas and
among a large number of diverse indoor environments. Using
archetypes facilitates accuracy in capturing exposure hetero-
geneity based on the strong correlations of emission strength
and population density, which requires high spatiotemporal
resolutions for assessing exposure, while daily and long-term
population mobility reduce the importance of high-resolution
spatiotemporal modeling. The construction of the boundaries
of urban areas in the underlying data set from Angel et al.43
may lead to deviations from actual single-city populations and
has to be interpreted with care when comparing intake fractions
across cities.
A current limitation is that our exposure estimates for urban
sources are exclusively based on intake fractions for ground-
level (10 m reference height) emissions from Apte et al.,14
whereas global estimates for stack emissions are missing and
could be extrapolated based on Humbert et al.17 Our model
currently provides the capacity for being consistently coupled
with exposure-response information for exposures indoors and
outdoors, where indoor exposure is driven by outdoor sources
as accounted for by introducing a penetration factor (see Table
1). This factor needs to be applied to intake fractions in both
indoor and outdoor source environments when using exposure-
response models, such as presented in Gronlund et al.44
Linking to Exposure-Response and Health Eﬀects. To
facilitate the use of our archetypal exposure assessment
framework in human disease burden estimates, our exposure
estimates can be linked to available linear or nonlinear
exposure-response relationships for PM2.5. Our exposure
assessment provides the key input for the nonlinear exposure-
response model used to translate human PM2.5 intake into
health impacts and damages. Based on the available evidence,
PM2.5 mass can be used as an adequate proxy for toxicity
impacts.45 The starting point for an exposure-response model
would therefore be our broad PM2.5 exposure concentration
range in outdoor air and indoor air that is assumed to be
inhaled by humans. Using a model with a broad PM2.5
concentration range allows risk estimations also at high
exposure levels currently found in various urban areas as well
as indoors, for example, from solid fuel combustion sources.
Outdoor and indoor air PM2.5 exposure concentrations can
Table 4. Application and Key Features of the Coupled Indoor−Outdoor PM2.5 Source-to-Exposure Framework for Calculating
Eﬀective Intake Fractions for Diﬀerent Emission Scenariosa
scenario application key features
aggregated indoor and
outdoor exposure from
PM2.5 urban or rural
outdoor sources
model worksheet: outdoor a tiered approach of three levels of detail is oﬀered
with consistent, region-speciﬁc population,
linear population density, and area
user scenario: deﬁnes outdoor archetype (urban area representing global default average city,
(sub-) continental average city, or real-world city), and emission stack height
existing archetypes can be customized and new
archetypes (e.g., cities) can be introduced
settings: predeﬁned global average residential indoor settings are used intake fractions from diﬀerent cities and rural
areas can be compared and ranked
aggregated indoor and
outdoor exposure from
PM2.5 occupational or
residential indoor sour-
ces
model worksheet: indoor predeﬁned sets of low, medium, and high air
exchange rate and occupancy with or without
recirculation and ﬁlter eﬃciency are oﬀered
user scenario: deﬁnes residential or occupational indoor archetype in urban or rural outdoor
environment; as optional step urban and rural outdoor archetype for background can be
deﬁned (in outdoor worksheet)
existing archetypes can be customized and new
archetypes (e.g., building types) can be
introduced by adjusting air exchange rate,
occupancy, and recirculation rate and ﬁlter
eﬃciency
settings: predeﬁned global average urban and rural outdoor settings are used by default intake fractions from diﬀerent indoor environ-
ments can be compared and ranked
aggregated indoor and
outdoor exposure from
PM2.5 combined indoor
and outdoor sources
model worksheets: outdoor and indoor intake fractions from diﬀerent cities, regions, and
indoor environments can be summed up and
compared and ranked
user scenario: deﬁnes outdoor archetype (urban area representing global default average city,
(sub)continental average city, or real-world city), and emission stack height in outdoor
model, and residential or occupational indoor archetype in urban or rural outdoor
environment in indoor model; sum of intake fraction from both models must be used
settings: intake fractions from indoor sources are used from indoor model and intake fractions
from outdoor sources are used from outdoor model
aThe full modeling framework is provided in the SI (Section S-4).
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ﬁnally be translated into human intake dose, accounting for
breathing rates under diﬀerent exposure situations.
Future Research Needs. In developing PM2.5 intake
fractions, four pollutant species need to be considered:
emissions of primary PM2.5; formation of secondary PM2.5
from emissions of precursor substances SO2, NOx, and NH3 (as
ammonium sulfate and ammonium nitrate); and secondary
organic aerosols (SOA) resulting from emissions of biogenic
and anthropogenic precursors. Furthermore, in some urban
environments, it is necessary to address the interaction of
volatile organic compounds (VOCs) and ozone with NOx in
forming secondary PM2.5. While our framework currently
considers primary PM2.5, it needs modiﬁcations to account for
the contribution of secondary PM2.5 formed outdoors
46 and
indoors47 to indoor and outdoor exposures. For outdoor
environments, source- and pollutant-speciﬁc global data on
stack height are needed in addition to ground-level emission
proﬁles based on, for example, Pregger and Friedrich48 for
Europe. Our data for urban areas are currently in the domain of
cities with more than 100 000 inhabitants, whereas atmospheric
dilution and the population-linear population density relation
require further research for smaller cities where the inﬂuence of
rural background exposure might become more relevant.
Compared to the high resolution of urban areas we apply a
resolution in rural areas only at the level of subcontinents, as
variability in intake fraction is generally lower in rural areas
compared to variability in intake fractions between cities or
between urban and rural environments. This approach is
supported by studies obtaining a relatively small variability also
from higher resolution estimates of intake fractions that are in
addition at the low exposure range.23,49 This low variability is
expected to increase dramatically when the application moves
to high-population density urban areas. For background
exposure to emissions in urban areas, our resolution for rural
environments is hence reasonable, whereas the variability in
exposure to emissions in very remote areas might be somewhat
underestimated and requires additional study.
For indoor environments, factors for near-person resuspen-
sion of PM2.5 deposited indoors as well as PM2.5 formed as a
result of near-person chemistry need to be developed.50 This
may be especially important in the instance of high indoor
person density and low air movement, where complete mixing
cannot be assumed. Such factors could be derived from
calibrating near-person airﬂow using computational ﬂuid
dynamics (CFD) modeling for diﬀerent types of indoor
sources. Furthermore, to improve the accuracy of indoor
exposure estimates, the fraction of buildings with diﬀerent air
exchange rates and occupancies and the population fractions in
these building archetypes need to be assessed. This is especially
relevant for outdoor source scenarios, since most of the aﬀected
population is indoors, while this aspect is less relevant when
assessing indoor sources occurring in individual buildings.
Currently, our framework can help to better characterize
exposure across multiple geographic and scenario scales based
on available levels of data. It can be used as a tool in air
pollution reduction strategies to evaluate trade-oﬀs among
emission sources in diﬀerent indoor and outdoor settings of
urban and rural environments. It can also aid in evaluating the
environmental performance of products and services in life
cycle impact assessment (LCIA) with respect to life cycle
emissions that contribute to PM2.5 population exposures.
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